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Abstract — A novel antenna design is presented for
operation at 5.8 GHz with omni-directional pattern
characteristics. The antenna employs square loop
geometry of one wavelength perimeter. The loop is
partitioned with capacitive elements in order to minimize
phase variations in the current flow and thereby enhance
the radiation efficiency. Five capacitive elements are used
to achieve optimal loop current flow, resulting in phase
variations smaller than + 6°. The performance of the
antenna is first analyzed with a thin-wire antenna using
method of moments (MoM) solver and later validated
using a custom finite difference time domain (FDTD)
package. The calculated radiation pattern in the plane of
the loop is close to omni-directional with directive gain of
1.5 dBi. A printed circuit antenna is manufactured with
alternating top- and bottom-layer conductors, with the
overlapped regions acting as physical capacitors. The
measured radiation patterns of the printed antenna
confirm the predicted omni-directional behavior in the
equatorial plane, while the input impedance demonstrates
a close match to 50 Q. The mean value of the gain is 2.15
dB at 5.869 GHz. A second printed antenna, having top-
layer conductors only and gap capacitors, is simulated
using finite element (FEM) software, and the
performance is nearly omni-directional with a directive
gain of 1.66 dBi. Both designs are very sensitive to the
dimensions of the physical capacitors and require a
highly accurate method of fabrication.
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I. INTRODUCTION

The loop antenna has proven to be one of the most
practical and adaptable types of antennas [1], with
circular and rectangular geometries representing the most
popular configurations. This popularity stems primarily
from their inherent low cost, simplicity of fabrication,
and ease of implementation as front-end elements in RF

and communication systems. However, their performance
in comparison with other antenna designs is limited with
respect to gain, bandwidth, and directionality of radiation.
For example, when the perimeter of the loop antenna is
small with respect to wavelength, its radiation impedance
is extremely small and thus inconvenient for matching to
a 50 Q transmission line. Conversely, when the loop
perimeter is of the order of one wavelength or larger, the
current flowing in the loop exhibits large phase variations
that ultimately degrade the radiation efficiency [2]. This
results in a poor radiator and a shift of the radiation
pattern maximum from in the plane of the loop to a plane
normal to the loop, which may not be desirable for the
intended application.

It is possible to minimize the phase variation of the
loop current by partitioning the loop into several sections
that are small in comparison to wavelength, and then
inserting lumped capacitive elements in a series
configuration [3, 4]. The resulting antenna structure is
simple and can be investigated using a thin-wire model
radiating into free space. The physical dimensions are
then converted to an equivalent printed model with
overlapping conductors on a low-loss dielectric substrate.
A second printed loop antenna is designed using top-layer
conductors only with gap capacitors. The procedure used
to design both the wire and printed antennas is discussed,
while simulation results using custom finite difference
time domain (FDTD) software and a commercial finite
element (FEM) package are presented which validate the
final printed designs. Measurements of the return loss and
radiation patterns for the overlapped design are also
presented to compare the performance of this partitioned
loop antenna with the simulation results.

Il. WIRE ANTENNA MODEL

A thin-wire square loop antenna of radius a = 0.5
mm and side S = A/4 was designed and simulated using
the commercial software package entitled Analysis of
Wire Antennas and Scatterers (AWAS) [5]. The loop
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antenna was centered in the xy plane at z =0 and modeled
with copper wire segments (¢ = 5.81x10” S/m). A total of
6 wire segments comprise the antenna geometry, as
shown in Fig. 1. Since the aspect ratio s/a = 26 (relatively
thick antenna), three polynomial coefficients per A were
used to model the current and charge distributions along
segments 1, 3, 4, and 6, respectively, while five
coefficients were used for segments 2 and 5 in the
numerical solution of the two-potential equation [6].

L, B B 3
5 2
¥ 6 6_1 11 2

b

Fig. 1. Thin-wire model for partitioned loop antenna with
source, nodes and wire segments indicated.

An ideal voltage generator of 1.0 V was fixed
between segments 1 and 6 (node 1) with a port
impedance of 50 . Concentrated capacitive loadings
were positioned at the four corners and between segments
3 and 4 (node 4) directly opposite to the source. Five
capacitive elements ranging in value from 0.046-0.069 pF
were used to minimize the current phase variations.

The antenna was simulated in transmission mode in free
space from 1 GHz to 10 GHz using a total of 450 points,
and optimization of the capacitor values yielded an input
impedance of 50.64 — j 1.96 Q, a corresponding input
admittance of 19.72 + j 0.0076 mS, and a return loss of -
34 dB at 5.8 GHz, as shown in Fig. 2. The simulated
current magnitude and phase variations on each wire

o T —

1 2 3 4 & L}
Frequency (GHz)

Fig. 2. Return loss and input admittance for wire
partitioned loop antenna at 5.8 GHz.

segment of the antenna with lumped capacitors are
plotted in Fig. 3, with phase variations on the order of +
6°, indicating good stability of the current phase over the
entire loop length. For comparison, the current magnitude
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and phase on each wire segment of the loop antenna
without lumped capacitors is shown in Fig. 4, where the
current phase varies approximately 180°.
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Fig. 3. Current magnitude and phase for thin-wire loop
antenna with lumped capacitors at 5.8 GHz.
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Fig. 4. Current magnitude and phase for thin-wire loop
antenna without lumped capacitors at 5.8 GHz.

The simulated E; component of the far-field, in three
principle planes, is shown in Fig. 5. The radiation pattern
is omni-directional to within 0.5 dB in the loop antenna
plane. The cross-polarization components are negligible
due to the symmetry of the loop and therefore are not
visible on the patterns in Fig. 5. The far-field directive
gain is equivalent to 1.5 dBi.

I11. OVERLAPPED PRINTED LOOP ANTENNA
MODEL

A printed square loop antenna, as illustrated in Fig.
6, was designed by converting the loop wire conductors
using a cylinder-to-ribbon  current equivalence
approximation w = 2d [7], to a strip width of 2.0 mm. The
antenna is realized on a substrate with alternating top and
bottom layer conductors using Rogers RT/Duroid 5880



with g, = 2.2, substrate height h = 0.787 mm (31 mil), tan
6 = 0.0004, and conductor thickness t = 0.035 mm. The
capacitances are realized by overlapping the end sections
of strips on opposite sides of the substrate. The areas of
overlap for the five physical capacitors were computed
as,

hC
A = (M
Ey €
where A is the required overlapped area, h is the substrate
height, and C is the required capacitance. The

r

corresponding areas are 1.84 um?® (0.046 pF), 2.63 um’
(0.065 pF), and 2.80 um’ (0.069 pF), respectively.
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Fig. 5. Simulated far-field radiation patterns for thin-wire
partitioned loop antenna at 5.8 GHz.
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Figure 7 (a) shows the dimensions of a partitioned
loop antenna with a feeding line in which the overlapping
areas of strips are approximated to these calculated
values. Simulation of this antenna using a custom 3-D
FDTD solver verified that it operates at 5.8 GHz. The
antenna has been fabricated using a LPKF ProtoMat
C100/HF milling machine, and the return loss was
measured using an Agilent Technologies model E8363B
PNA network analyzer with 801 frequency points. The
measurement shows that the antenna operates at a center
frequency of 6.02 GHz with —19.6 dB return loss.

This result demonstrates that the center frequency
has shifted from the desired value of 5.8 GHz. During
fabrication the milling tool removed part of the substrate
while rubbing out the extraneous copper, resulting in a
substrate thickness of 0.55 mm (except for regions
covered by copper), which is less than the nominal 0.787
mm. Such a change in substrate thickness likely altered
the physical capacitors and their associated fringing
fields. Additional FDTD simulations including the actual
substrate thickness after fabrication demonstrated that
this thinning effect increases the frequency. Thus the
exact values of the individual capacitances proved to be
very critical in achieving the desired center frequency,
and the printed loop antenna dimensions had to be
modified slightly in order to lower the center frequency
of operation.

The modified dimensions are illustrated in Fig. 7 (b)
and include increasing the area of overlap for the physical
capacitor opposite to the source, as well as for the
capacitors in the upper left- and right-hand corners of the
loop layout. A new antenna was then fabricated using
these modified dimensions. Figure 8 shows the back and
front views of this antenna. The return loss measurement
is compared to the FDTD simulated results as shown in
Fig. 9. The fabricated antenna resonates at 5.869 GHz
with a bandwidth of 6%, while the simulated curve shows
a peak return loss at 5.78 GHz. The substrate of this new
antenna is measured to be 0.5 mm and is thinner than the
simulated thickness, and this produces the discrepancy
between the simulated and measured results, but the
measurement still shows good performance at 5.8 GHz (-
18 dB).
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Fig. 6. Schematic of the overlap printed partitioned loop
antenna on a substrate material.
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(b)

Fig. 7. (a) Initial design dimensions of the overlap
partitioned loop antenna in mm. (b) Modified design
dimensions of the overlap partitioned loop antenna in
mm.
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(b)
Fig. 8. Overlap partitioned loop antenna: a) front view
and b) back view.
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Fig. 9. Measured and simulated return losses for overlap
partitioned loop antenna.




Radiation patterns of the fabricated antenna were
measured inside a rectangular anechoic chamber using a
ETS-Lindgren model 3117 double-ridged waveguide
horn (1-18 GHz) as the excitation source, with a source-
to-receiver distance of 3.65 m. An automated
measurement system, comprised of an HP 8350B sweep
oscillator, HP8514B S-parameter test set, HP8530A
microwave receiver, and motorized rotator, was
calibrated at 5.869 GHz using a Narda model 642 (5.4-
8.20 GHz) standard gain horn (SGH) [8].

Simulated directivity patterns calculated by FDTD in
three principal planes at 5.8 GHz are shown in Fig. 10,
while Fig. 11 shows the corresponding radiation patterns
measured at 5.869 GHz for comparison. Good agreement
is observed between the simulated and measured patterns.
Radiation is omni-directional in the Xy plane with ¢
polarization. The slightly higher cross-polarization levels
(Ey) seen in each plane in Fig. 11, as compared to the
simulation results, are likely caused by the presence of
surface currents on the receiver cable in the anechoic
chamber due to the absence of a balun transformer in the
antenna feed path during measurement.

The gain comparison method was used to measure
the absolute gain of the printed loop antenna using the
relation [2],

P
(GT )dB = (Gs )dB + 10logy, (_T] 2
Ps
where Gg = 15.42 dB at 5.869 GHz for the SGH. As seen
in Fig. 11, the gain of the loop antenna in the Xy plane is
not uniform, with a maximum of 4.64 dB (135°), a
minimum of -1.27 dB (45°), and a mean value of 2.15
dB, which is in good agreement with the directivity
simulation. By improving the accuracy of fabrication
using high resolution techniques, such as chemical
etching or laser milling, it is possible that a more uniform
radiation pattern in the plane of the loop antenna would
result. More importantly, the overlap design represents a
natural implementation of physical capacitors in the
partitioned antenna structure without the need for
incorporating SMT chip capacitors, which will add
additional costs into the manufacturing process.

IV. TOP LAYER PRINTED LOOP ANTENNA
MODEL

A second printed square loop antenna was designed
with top layer conductors only in order to minimize
engineering design and fabrication costs, and this
partitioned structure is realized by using straight-edge gap
capacitances at the same strategic locations as for the
overlap printed loop antenna, as shown in Fig. 12. A fully
parameterized model was developed using the High
Frequency Structure Simulator (HFSS) [9] software
package in order to independently vary the gap widths for
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the capacitors, conductor widths, and loop size. A feed
port with nominal impedance of 50 Q excited the antenna
across a source feed gap of 3.0 mm using an interpolating
frequency sweep from 4 GHz to 8 GHz with 12 adaptive
passes and a delta S convergence level of 0.005 to ensure
accurate meshing of the minute gap capacitances.
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Fig. 10. Simulated directivity patterns for overlap printed
loop antenna at 5.8 GHz (FDTD).

A perfectly matched layer acting as the absorbing
boundary was applied to the outer faces of the solution
space in order to create an open model. The simulated
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gap widths for the capacitors were optimized to the
values of 0.10 mm (top corners), 0.13 mm (bottom
corners), and 0.11 mm (opposite the source). The
simulated electric surface current distribution at 5.8 GHz
is shown in Fig. 13, where the highest currents are found
near the lumped source and along the inner edges of the
conductors. It was necessary to increase the side length s
to 15 mm for this design in order to achieve good
radiation resistance, with a return loss of -21.5 dB at the
meshed solution frequency of 5.8 GHz (see Fig. 14).
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Fig. 11. Measured radiation patterns for overlap printed
loop antenna at 5.869 GHz.

ACES JOURNAL, VOL. 23, NO. 1, MARCH 2008

0.11
0.10 = <« 0.10
|
Feed
0.13 = JGapl B 4 0.13i
3.0

Fig. 12. Schematic of top layer printed loop antenna with
gap capacitor dimensions in mm.
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Fig. 13. Simulated electric surface currents for top layer
printed loop antenna at 5.8 GHz (HFSS).
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Fig. 14. Simulated return loss for top layer printed loop

antenna using HFSS.




The calculated directive gain is 1.66 dBi with a
radiation efficiency of 0.989 and corresponding
bandwidth of 8 %. The calculated co-polarized and cross-
polarized far-field radiation patterns in three principal
planes are shown in Fig. 15, with nearly omni-directional
radiation in the loop antenna plane as desired. For this
design the electric field lines in the capacitive regions
extend primarily into the air dielectric, as there is little
confinement of the electric field in the substrate dielectric
without the presence of conductors on the bottom layer,
and the sensitivity of the gap capacitors to environmental
factors is thereby increased.
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Fig. 15. Simulated far-field radiation patterns for top
layer printed loop antenna at 5.8 GHz (HFSS).
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Several attempts were made at fabricating the top-
layer design using the LPKF milling machine with a 0.1
mm universal cutting tool, but visual inspection of the
cuts using an optical eye piece revealed that the accuracy
of the milled gap dimensions was poor and non-
reproducible. Alternative fabrication processes (e.g.
chemical etching) are currently being explored in order to
minimize the design sensitivity to fabrication tolerances.
Note that the source gap dimension of 3.0 mm is intended
to excite the antenna with a balun transformer. A sample
of a commercial balun transformer at 5.8 GHz was
obtained from a preferred manufacturer, however, the
device dimensions are sub-miniature and not practical for
use with this antenna, therefore, a custom split tube balun
transformer of diameter 3.5 mm and length A, = 35 mm is
currently being fabricated with symmetrical slot lengths
of A/4 = 8.75 mm, in order to balance any surface
currents and achieve a good match to the input impedance
of the antenna.

V. CONCLUSIONS

A novel loop antenna design is presented which
utilizes capacitive elements at strategic locations in order
to minimize phase variations in the current flow and
thereby enhance the radiation efficiency. Initial design
parameters are obtained using AWAS, a thin-wire
antenna MoM solver, and then an overlap partitioned
loop antenna is designed on a planar substrate and
optimized using a custom FDTD solver. The design is
fabricated and return loss and radiation pattern
measurements are performed. The radiation pattern
measurements reveal that the antenna provides the
desired omni-directional radiation characteristics, with an
input impedance close to 50 Q2 and a mean value for the
gain of 2.15 dB at 5.869 GHz. A second printed loop
antenna is also designed with top layer conductors and
straight-edge gap capacitors and optimized for
performance at 5.8 GHz using HFSS. The simulated
radiation pattern is nearly omni-directional in the antenna
plane. The return loss simulation yields a result of -21.5
dB at a center frequency of 5.8 GHz. Attempts at
fabricating this antenna demonstrated that it is extremely
sensitive to fabrication imperfections, and alternative
fabrication processes such as chemical etching or laser
milling are currently being explored in order to minimize
the sensitivity of both printed designs to fabrication
tolerances.
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